Human immunodeficiency virus (HIV) currently affects some 50 million people around the globe. Although the development of combination antiretroviral therapy has provided a clinically useful method of suppressing the viremia in infected individuals, there are currently no curative therapies for the HIV/AIDS pandemic (1). Moreover, the complexity of the dosing regimens, the unbearable toxicity of the available antiretroviral HIV integrase has emerged as a promising target for discovery of agents against the acquired immunodeficiency syndrome (AIDS) pandemic. With the purpose of designing new chemotypes with enhanced potencies against the HIV integrase enzyme, the QSAR study carried out on 37 novel phthalimide derivatives is presented. The developed QSAR model was validated by standard statistical parameters and through a detailed structural study of how it reproduces and explains the quantitative differences seen in experimentally known pharmacological data. The model showed a good correlative and predictive ability having a cross-validated correlation coefficient (r 2 cv ) of 0.709 and a conventional correlation coefficient (r 2 ) of 0.949. The predictive correlation coefficient (r 2 pred ) was found to be 0.512. The study revealed that the antiretroviral activity is predominantly explained by the substituent size, shape and polarity and provided insights into how modulation of the steric bulkiness and polarities of the substituents could be made to optimize the integrase-inhibitor interaction chemistry. A detailed investigation was made of the structural basis for the antiretroviral activity and the findings from the study could be usefully employed to design antagonists with a much more enhanced potency and selectivity.
HIV integrase has emerged as a promising target for discovery of agents against the acquired immunodeficiency syndrome (AIDS) pandemic. With the purpose of designing new chemotypes with enhanced potencies against the HIV integrase enzyme, the QSAR study carried out on 37 novel phthalimide derivatives is presented. The developed QSAR model was validated by standard statistical parameters and through a detailed structural study of how it reproduces and explains the quantitative differences seen in experimentally known pharmacological data. The model showed a good correlative and predictive ability having a cross-validated correlation coefficient (r 2 cv ) of 0.709 and a conventional correlation coefficient (r 2 ) of 0.949. The predictive correlation coefficient (r 2 pred ) was found to be 0.512. The study revealed that the antiretroviral activity is predominantly explained by the substituent size, shape and polarity and provided insights into how modulation of the steric bulkiness and polarities of the substituents could be made to optimize the integrase-inhibitor interaction chemistry. A detailed investigation was made of the structural basis for the antiretroviral activity and the findings from the study could be usefully employed to design antagonists with a much more enhanced potency and selectivity.
Keywords: QSAR, HIV/AIDS, integrase, phthalimides, TSAR * Correspondence; e-mail: dnigus@phar.aau.edu.et, nigusd96@yahoo.com therapies and the increasing retroviral resistance to the currently available drugs means that there is an urgent need to identify novel structural classes of agents with improved efficacy and safety (2, 3) .
HIV-1 integrase (IN), the enzyme responsible for the integration of viral DNA into the host genome, represents an attractive, yet unexploited, target for the treatment of HIV infection. It is an important chemotherapeutic target because no mammalian counterpart to this enzyme has been identified, and the region of the HIV pol gene encoding IN shows more conservation than the reverse transcriptase and protease encoding regions (4). IN is active in both the cytoplasm and nucleus of the host cell, while in the cytoplasm IN forms a pre-integration complex with viral DNA and selectively cleaves 3'--terminal dinucleotides from each end (5) . This so-called 3'-processing event occurs prior to nuclear translocation of the complex. In the nucleus, IN catalyzes strand transfer, which leads to integration of viral DNA into the host DNA (6) . The latter process is essential for viral replication. Given the importance of DNA integration for the viral life cycle, HIV integrase has become one of the most promising targets and has attracted attention for the discovery and development of agents against the AIDS pandemic (7, 8) .
Tools for Structure Activity Relationships (TSAR) is a package for interactive investigation of quantitative structure-activity relationships (9) . Like all QSAR methods (10) (11) (12) , it is based on a numerical description of molecular structure and employs statistics to obtain quantitative correlation. Molecular structures are represented with a variety of 2D and 3D descriptors, the activity-descriptor relationship is computed by different standard statistical tools such as multiple regression, partial least square regression and neural network analysis, and the output is displayed in the form of a model highlighting substituent points that are strongly correlated with the pharmacotoxicological properties under investigation. The methodology assumes that suitable sampling of these structural descriptors provides all the information needed for understanding their biological properties. It has been used to investigate the structural requirement for activity on dif- ferent receptors (13) . These tools may attest the usefulness of such methodology for understanding the structural requirements for pharmacological properties of a given series. Intense research on small molecule inhibitors of HIV integrase has produced a diverse class of chemical scaffolds (14, 15) . Fig. 1 shows some integrase inhibitors. Although diverse in structure and large in number, there is currently no drug that acts on the enzyme and, in fact, most of the known inhibitors are beset with the problem of toxicity, non-selectivity and weak binding affinity. In common with other QSAR tools, TSAR is generally employed to enhance and optimize the binding affinity using a series of compounds acting on the same target with the same mechanism of action. Information about the structural requirements for the observed biological properties aids to design a new entity having an acceptable level of potency and selectivity. In this paper, we report the QSAR study carried out on 37 novel integrase antagonists aimed at getting a model that would account for the quantitative differences in bioactivity seen in this series and using the findings to design ligands with pronounced inhibitory potency and selectivity.
EXPERIMENTAL

Dataset for analysis
The in vitro biological activity data reported as pIC 50 for inhibition of HIV integrase by a series of phthalimide derivatives (16) was used as a dependent variable for the TSAR study. The integrase activity was determined using an oligonucleotide-based assay in which the DNA strand transfer by preformed complexes of integrase and processed DNA was measured by means of an ELISA test in microtiter plate format using recombinant His--tagged HIV-1 integrase produced in the Escherichia coli strain BL21(DE3). HPLC-purified oligonucleotides were used for the preparation of viral DNA substrate and target DNA. For the integration strand transfer reactions, a 20 nmol L -1 biotinylated DNA substrate was preincubated with 300 nmol L -1 HIV integrase at 37°C for 5 min. On the basis of the calculated percent inhibition for each compound concentration, dose-response curves were plotted and pIC 50 values were calculated.
Molecular modeling
Structures of the phthalimide derivatives selected for the present QSAR study were sketched using the ChemDraw ultra 8.0 and exported to the TSAR 3.3 software (Accelrys, Oxford Molecular Limited, Oxford 2000). Three-dimensional structures of all molecules were generated and partial charges were derived using the Charge-2 CORINA 3D package in TSAR 3.3 and the inhibitor geometries were optimized using its Cosmic module. Calculations were terminated when the energy difference or energy gradient were smaller than 1´10 -5 and 1´10 -10 kcal mol -1 , respectively. Molecular descriptors were obtained for the substituents, which vary in common points of the generic structure. TSAR allow calculation of the following descriptors: molecular surface area and volume, moments of inertia, ellipsoidal volume, verloop parameters, dipole moments, lipole moments, molecular mass, Wiener index, molecular connectivity indices, molecular shape indices, electrotopological state indices, log P, number of defined atoms (carbon, nitrogen, etc.), rings (aromatic and aliphatic), and groups (methyl, hydroxyl, etc.). Vamp, which is a semiempirical molecular orbital package in TSAR 3.3, was used to calculate the electrostatic properties such us total energy, electronic energy, nuclear repulsion energy, accessible surface area, atomic charge, mean polarizability, heat of formation, HOMO and LUMO eigenvalues, ionization potential, total dipole, polarizability, and dipole components. Structure optimization was performed in vacuo using default parameters with the AM1 Hamiltonian. Pairwise correlation analysis of the calculated descriptors was performed. The model was obtained using descriptors that are strongly correlated with the HIV entry blocking activity.
Statistical analysis
The relationship between structural parameters and biological activities was quantified by the multiple linear regressions implemented in TSAR 3.3. Values for F-to-enter and F-to-leave were set to 4. The cross-validation analysis was performed using the leave--one-out (LOO) method where one compound is removed from the dataset and its activity is calculated using the model derived from the rest of the dataset. The cross-validated r 2 and conventional r 2 that resulted in the lowest error of prediction were chosen. Unless otherwise stated, the default values for the other QSAR parameters were used.
Predictive correlation coefficient (r 2 pred )
The predictive capability of the 2D-QSAR models was determined from a set of nine compounds that were separated during model development. Structure generation, optimization, charge derivation, and all other steps of test sets were done in the same way as that of the training set compounds as described above, and their activities were calculated using the model produced by the training set.
The predictive correlation (r 2 pred ), based on the test set molecules, is computed using:
where SD is the sum of squared deviations between biological activities of the test set and mean activities of the training set molecules and the predictive residual sum of squares (PRESS) is the sum of squared deviations between calculated and experimental activity values for every molecule in the test set.
RESULTS AND DISCUSSION
The QSAR study was carried out using phthalimide analogues reported to be novel integrase inhibitors. Molecules that lack biological activity in numerical form were removed from the analysis. Following this, 37 molecules were left for the present study. The remaining dataset was randomly partitioned into a training set of 28 and a test set of 9 compounds with bias given to both chemical and biological diversity in both the training and test set molecules. Despite the ambiguity of drug-receptor interaction in general, a statistically significant model was obtained from the study.
The TSAR multiple regression analysis is summarized in Table I . The cross-validated correlation coefficient defines the goodness of prediction whereas the non-cross-validated conventional correlation coefficient indicates the goodness of fit of a QSAR model. The F-test value stands for the degree of statistical confidence. As evident from the table, a cross-validated correlation coefficient of 0.709 was obtained using the leave-one-out cross-validation procedure. This indicates the very good internal predictive capability of the developed model. The model also exhibited a non-cross validated correlation coefficient of 0.949. The high value of this parameter adds to its usefulness as a predictive tool. The external predictive capability of a QSAR model is generally checked using test sets. All the procedures, including geometry optimization, charge computation, calculation of structural descriptors of the nine test set molecules, were done in a manner identical to the training set molecules. A predictive correlation coefficient of 0.512 was obtained from the study, indicating the usefulness of the developed QSAR in predicting activities of molecules not included in its derivation. Another way to further evaluate the significance of the developed model is to test it for statistical stability. To this end, the standard error of estimate and predictive residual sum of squares may be employed. Low values of the standard error of estimate (0.152) and of PRESS for the training (0.496) and test sets (0.629) further add to the statistical significance of the developed models.
Structures of the inhibitors chosen and the experimental and calculated activity are displayed in Table II . Fig. 2 shows plots of experimental vs. calculated pIC 50 values for both the training and test set molecules. Histograms of the residuals of the test set molecules are presented in Fig. 3 being a plot of residuals against observations, each observation representing the data for a single structure. These two plots are important to graphically observe the predictive capability of QSARs. Shorter heights of the residuals and the (1) where X1 is the Verloop length parameter, X2 is Verloop B1, X3 is the total dipole moment, X4 is the molar refractivity, X5 is the Balaban topological index and X6 is the Wiener topological index of the substituents at R1. The statistics for Eq. (1) is shown in Table I . As the QSAR shows, the integrase inhibitory activity improves with an increase in the total dipole moment, molar refractivity and the Balaban topological index parameter of substituents at position R1 while the antagonistic activity was found to decrease with an increase in the values of the Verloop substituent length and width steric parameter and Wiener's topological index. The Verloop parameters (17) (18) (19) are a set of multi-dimensional steric descriptors defining a box that can be used to characterize the shape and volume of the substituent, which are very important in explaining the steric influence of substituents in the interaction of organic compounds with macromolecular drug receptors. The Verloop B1-B5 parameters describe the width of the substituent in the direction perpendicular to the length of the substituent. That Verloop's length parameter of substituents at position R1 is negatively correlated with the inhibitory activity is what appears to explain the better activities of compound 34 compared to compound 35, compound 15 compared to compound 16. In both cases, more active molecules (compounds 34 and 15) has a substituent leaving a lower value of the negatively correlated length descriptor. The dimethoxy groups in compound 15 are meta substituted whereas in compound 16 the moieties are in a para relationship, which apparently increased the length of the substituent which is negatively related to integrase inhibitory activity. The same reasoning seems to apply for the better activity of compound 35 compared to compound 34: the fluorophenyl ring in compound 35 is in para position to the benzyl ring whereas it is in meta position in compound 34, which contributes to the higher activity, since the length descriptor for the whole substituent is now smaller because of differences in the relative positioning of the fluorophenyl ring in both compounds. Better activity of compound 26 compared to compound 27, compound 28 compared to compounds 22, 37 can be explained on the same ground.
In each case, a more active inhibitor has a lower value for the negatively related length parameter and a higher value for the positively correlated total dipole moment of substituents. The QSAR shows that the Verloop B1 descriptor is better related to activity than the other descriptors, which is evident from the higher value of B1 descriptor coefficient (1.29). The study suggests that the integrase inhibitory activity exhibited is explained by steric factors and polarity of substituents and that for improved activity, substituents with less steric bulkiness and more polarity are desired. Considering the fact that the 2D-QSAR model was able to reproduce the experimental facts and that it was validated by appropriate statistical procedures, it could be useful in designing a more potent inhibitor.
CONCLUSIONS
HIV integrase have emerged as an important drug target with a huge therapeutic potential for its inhibitors. The QSAR analysis using 37 phthalimide derivatives was successfully carried out to build a statistically significant model possessing a good correlative and predictive capability for inhibition of the HIV integrase enzyme. The 2D-QSAR model was validated by standard statistical means to check how it reproduces and explains the differences in the experimentally known activity data. Detailed structural investigation revealed that the antiretroviral activity is predominantly explained by substituent size, shape and polarity and provided insights into how modulation of the steric bulkiness and polarity of the substituents could be useful to optimize the integrase-inhibitor binding chemistry and hence improve the observed biological activity. This analysis could help rational design of potential drug candidates with enhanced inhibitory potency.
